Several methods of ventilation have previously been shown to reduce intraoperative atelectasis and alveolar to arterial oxygen gradient (A-a DO 2 ) in healthy patients. This study was designed to show firstly the relative intra-operative benefit and secondly if any method had an effect on atelectasis postoperatively.
Atelectasis is a common clinical problem causing postoperative morbidity 1 . Measurable atelectasis during general anaesthesia occurs after approximately 40 minutes with 40% inspired oxygen and after only five minutes with 100% inspired oxygen 2 . A surrogate index of atelectasis is the alveolar-arterial oxygen gradient (A-a DO 2 ) 2 . Several methods of ventilation have previously been shown to reduce intraoperative atelectasis in healthy patients. The first is the "recruitment manoeuvre" which consists of three manual inflations of the lung to a pressure of 30-40 cm H 2 O for 15 seconds. This is equivalent to a vital capacity breath 3, 4 . The second is high tidal volumes (Vt) using approximately 13 ml.kg -1 instead of 7.5 ml.kg -1 4, 5 . The third is extrinsic positive end expiratory pressure using 5 to 10 cm H 2 O 5 . Finally, pressure control inverse ratio ventilation (inspiratory:expiratory ratio of 2:1 instead of 1:2-3) has been used 6 .
Only one study has directly compared the relative benefits of two methods and found large Vt was to be more effective than normal Vt plus PEEP 4 . However, no study has examined the postoperative effects on any interventions in atelectasis.
This study was designed firstly to compare the relative intraoperative benefit, and secondly if any method or combination had any measurable effect on atelectasis as estimated by the A-a DO 2 in the postoperative period.
MATERIALS AND METHODS
This study was approved by the Waikato Ethics Committee and written informed consent obtained from the patients. The enrolment criteria were patients requiring high dependency care after an operation under general anaesthesia (requiring intubation and paralysis) lasting longer than 45 minutes and an arterial line required for anaesthetic purposes. Patients were excluded if having open thoracic surgery or if postoperative ventilation was to be required. We made no attempt to exclude patients with a history of pre-existing lung disease because this is precisely the group who stand to benefit most, and the results would be of greater practical use if they demonstrated effects in a wide group of patients that are typical of those encountered in day-to-day clinical practice.
We followed a standard randomized experimental design which included four treatment factors and two-way interaction terms. Although not commonly used in clinical research, this design has been extensively used on industrial and agronomic research since Fisher first popularized it in 1926 7 . The advantages are: 1. that it is extremely efficient requiring less than half the number of subjects that are required by
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Anaesthesia and Intensive Care, Vol. 26, No. 3, June 1998 single-factor designs, 2. that it enables questions about the interrelationships between factors to be answered, and 3. that the effects of any factor are averaged over a wide variety of different conditions. Therefore any observed effect has to be robust in the face of a variety of conditions. This means that the results will have much wider basis for application than if all other aspects of care that could affect the A-a DO 2 were artificially controlled. Patients were randomized to receive one or more of the four ventilatory interventions running concurrently for the total duration of the anaesthetic. These interventions were as follows. The combination of large tidal volume and inverse ratio ventilation causes extreme hyperventilation and therefore was not used; thus twelve permutations were created. Normal tidal volume was 10 ml.kg -1 . Because the A-a DO 2 varies with the P A O 2 the inspired oxygen was kept at 35%. No other anaesthetic management was altered by the study and the overall control of patient remained with the anaesthetist. With the patient breathing from a Ventimask (Intersurgical, Wokingham, Berks, U.K.) delivering 35% oxygen, a radial arterial line was sited and a baseline blood gas was drawn. After siting an epidural catheter if required, the anaesthesia was induced with fentanyl 0-350 µg, thiopentone 125-500 mg (n=21) or etomidate 8-16 mg (n=3) and a muscle relaxant. Following endotracheal intubation, the patients' lungs were ventilated as per their randomization on air, oxygen and isoflurane (up to 2%). Dynamic respiratory system compliance, intrinsic PEEP, airway resistance and mean airway pressure were measured intra-operatively via a pneumotachograph attached to the endotracheal tube and a lung mechanics monitor (Novel Systems, Hamilton, New Zealand). Blood gas samples were taken at 30 minutes, one hour and hourly thereafter plus a sample just prior to reversal. They were analyzed using a Ciba Corning 865 (Ciba Corning Diagnostics Corp, Medfield, MA, U.S.A.), and the inspired oxygen fraction measured using the paramagnetic oxygen sensor in a Datex AS3 (Datex Instrumentarium, Helsinki, Finland) anaesthetic monitor. At all stages the P a CO 2 values were in the range 32 to 49 mmHg. Following extubation, the 35% Ventimask was replaced. Blood gas specimens were drawn immediately in the recovery room at 1, 4, and 24 hours postoperatively. The alveolar PO 2 was calculated from the alveolar gas equation:
The outcome variables were the effect of the interventions on intraoperative and postoperative A-a DO 2 .
We analyzed the data using analysis of covariance (ANCOVA). By using the pre-induction A-a DO 2 as the covariate, we were able to partially compensate for the variability in gas exchange between different patients, thus increasing the power of the study. The two-way interaction terms are able to test for additive effects between the factors.
All data were analyzed using the NCSS computer statistical package (NCSS 6.0.21, NCSS, Kaysville, Utah, U.S.A.), categorical data were compared using the Fisher's exact test. Significance was defined as P<0.05. A formal power calculation incorporating covariate and interaction terms was done using the Power Analysis and Sample Size computer package (PASS 1.0, NCSS, Kaysville, Utah, U.S.A.) the study was thought to be able to detect a medium treatment effect (approximately 0.4 of the SD) with a power of 0.59 and a large treatment effect (approximately 0.8 of the SD) with a power of 0.86.
RESULTS

Demographic data
A total of 24 patients (19 males and 5 females) were enrolled (2 refusals). No patient was withdrawn from the study. The mean age was 65.1 years (SD±8.7). The ASA status of patients were 2 cases ASA 1, 11 cases ASA 2, 9 cases ASA 3 and 2 cases ASA 4 with five cases classified as emergency. Twelve patients has a pre-existing chest condition consisting of eight smokers (four patients >20 day -1 ), three with documented chronic obstructive respiratory disease and three with pneumonia (two patients had two conditions). The mean pre-induction A-a DO 2 was 80.4 mmHg (SD±29.3 mmHg). The site of operation was abdominal in 14 cases and peripheral in ten cases (neck or lower limb). The median operation duration was 167.5 min (interquartile range 70 min). Postoperative analgesia was provided by epidural for seven and opiate (intravenous or subcutaneous) for 17. There was no significant difference on the distribution of demographic data (age, sex, ASA classification, operation site and preoperative chest condition) between the intervention groups with the single exception of less than expected females receiving manual inflation (P=0.04).
Anaesthesia and Intensive Care, Vol. 26, No. 3, June 1998 Intraoperative data Figure 1 (A-D) depicts the changes in mean (SEM) A-a DO 2 with time amongst the four intervention groups. Overall there is a deterioration over time, particularly after extubation. Of the four interventions PEEP and IRV appear to have the most beneficial and prolonged effect on the intraoperative A-a DO 2 . This was confirmed by ANCOVA of the intraoperative A-a DO 2 at½ hour, 1 hour and at reversal which showed that PEEP (P=0.02) and IRV (P=0.02) significantly decreased the A-a DO 2 . Large Vt (P=0.46) and manual inflation (P=0.28) were not significantly different from the overall mean. The PEEP term showed significant negative interaction with the IRV (P=0.03) and large Vt (P=0.02). This means that if the patient had no IRV or large Vt the PEEP improved the intraoperative A-a DO 2 from 94 to 52 mmHg and 105 to 68 mmHg respectively. In contrast adding PEEP when either of these two other interventions were present conferred no additional benefit statistically. The intraoperative A-a DO 2 was not significantly associated with the preoperative A-a DO 2 , operation site or operation duration.
Because small study numbers make it possible that randomization may result in unbalanced groups leading to inadvertent confounding, a post hoc re-analysis was done in which the data was stratified into "well" patients (ASA 1 and 2, n=11) and "sick" patients (ASA 3 or 4, n=13). The numbers for each treatment group were similar (P=0.32, Chi squared test) when compared between the well and sick groups. The results are shown in Table 1 , and are suggestive (although not conclusive) that the beneficial effects of PEEP and IRV are more pronounced in the more seriously ill patient group.
Lung mechanics data
Mean intrathoracic pressure was significantly increased by IRV from 8.6 to 14.6 cm H 2 O (P=0.002) and by PEEP from 9.4 to 13.8 cm H 2 O (P=0.02). No other intervention significantly altered any other measurements. Dynamic respiratory system compliance was increased by large Vt from 30 to 48 ml.cm H 2 O -1 (P=0.06). IRV altered intrinsic PEEP from 9.3 to 12.2 cm H 2 O (NS). Intraoperative mean arterial pressure was significantly decreased using PEEP from 95 to 83 mmHg (P=0.03) but not with the other interventions.
Postoperative data
ANCOVA of the postoperative A-a DO 2 using combined data from the four postoperative measurements showed none to be significant (Figure 1 ). There was a significant association between the postoperative A-a DO 2 and the preoperative A-a DO 2 (P=0.03) and the preoperative chest status (P=0.008). There was no significant association between the postoperative A-a DO 2 and the operation site, postoperative analgesia or operation duration.
DISCUSSION
The important findings were that the interventions which increase the mean airways pressure (PEEP and IRV) were most effective at improving intraoperative atelectasis, using more than one intervention did not improve the A-a DO 2 and that no intervention improved postoperative atelectasis. In this study large tidal volumes and the use of manual inflations did not produce a significant improvement in A-a DO 2 . The explanation for this may lie in the patient selection. Of our patients 50% had preexisting respiratory disorders and the general health of the group was poor with almost half the group ASA 3 or 4. The mean preoperative A-a DO 2 was 80 mmHg compared to the normal value of 56 mmHg (healthy volunteers, mean age 66 years breathing 40% O 2 ) 8 . This is in contrast to the other studies where selected patients were all ASA 1 or 2 3,4,6 had "clinically normal pulmonary function" 5 or excluded heavy smokers and chest problems 4 .
No effect on postoperative A-a DO 2 attributable to the ventilatory interventions was detected suggesting that all intraoperative benefit had been lost before reaching the recovery room. This may be caused by absorption atelectasis when using 100% O 2 at extubation and the residual effects of anaesthetic agents. No factor other than the preoperative A-a DO 2 was predictive of the postoperative A-a DO 2 .
In this study large tidal volumes alone and manual inflations were found to be ineffective. However we used 14 ml.kg -1 with normal tidal volumes being 10 ml.kg -1 . In other studies 4,5 the "normal" tidal volumes were only between 7.5 or 5 ml.kg -1 . In the case of manual inflations, perhaps a different inflation pressure or duration is required in the presence of lung disease. Patients with chronic obstructive airways disease have a lower rate of atelectasis formulation 9 , thus rendering the manual inflations ineffective and suggesting that the changes in the oxygen difference may be due in part to other causes such as loss of pulmonary hypoxic vasoconstriction due to anaesthetic agents 10 . The use of a factorial experimental design allows randomization to several interventions concurrently, thus increasing the power of the study and permitting measurement of interactions. Although the sample size of 24 was small, it is at least as large as similar studies 3, 4, 6 . The power of the study was further increased by the use of a covariate which allows for variations in preoperative lung function. The group of patients selected was not homogenous but generally of poor health and were representative of the population most likely to benefit from improved lung function. Randomization of small numbers sometimes produces unbalanced groups but analysis of related variables including operation site and postoperative analgesia did not suggest any obvious confounding factor. We believe that there are good ethical and practical reasons for using the most efficient practicable study design, thereby minimizing the unnecessary exposure of patients to randomization. Having reduced intraoperative atelectasis, further research is required to find methods of reducing atelectasis in the postoperative period.
In summary, this study has demonstrated that PEEP or IRV were most effective in reducing the intraoperative A-a DO 2 . No method had any effect on postoperative A-a DO 2 .
